Abstract-A novel miniaturized single-feed cross-aperture coupled circularly polarized (CP) microstrip patch antenna loaded by four identical shorting strips is proposed and discussed. Each shorting strip underneath the edges of the radiating patch is connected to the ground plane via an array of three identical and equidistant shorting pins. With the assistance of the capacitance offered by the radiating patch and the shorting strips, and the inductance induced by the shorting pins, the patch size and overall size of the proposed antenna have been significantly reduced by 75% and 69%, respectively, compared with the conventional antenna. An antenna prototype with an overall size of 50 mm × 50 mm× 7.548 mm (0.317λ 0 × 0.317λ 0 × 0.048λ 0 ) and a patch size of 29.43 mm × 27.85 mm (0.186λ 0 × 0.176λ 0 ) has been fabricated and measured, which shows a measured 10-dB return loss bandwidth of 92 MHz (4.76%) from 1.886 to 1.978 GHz with a maximum right-handed CP (RHCP) gain of 4.9 dBic. The measured 3-dB axial ratio (AR) bandwidth is 28 MHz (1.46%) from 1.899 to 1.927 GHz with a 3-dB AR beamwidth of more than 140 • across the operating bandwidth.
INTRODUCTION
Circularly polarized (CP) microstrip patch antennas have been extensively used for many applications such as global navigation satellite systems (GNSS), wireless local area network (WLAN), medical implant communication service (MICS), and radio frequency identification (RFID). The popularity of circular polarization is because it is not only able to reduce the effects of multipath reflection and Farady rotation, but also release the orientation constraints on the transmitting and receiving antennas. Meanwhile, microstrip patch antennas feature light weight, low profile, low cost, ease of fabrication, and integration with other circuitries. Apart from adequate bandwidth and medium gain, the CP microstrip patch antennas are always demanded with compact sizes for many modern wireless terminals, for instance, portable GNSS receivers and handheld RFID readers. Thus, many promising CP microstrip patch antennas have been proposed [1] [2] [3] [4] [5] [6] [7] [8] . Compared with the dual-feed CP microstrip patch antennas [1] [2] [3] [4] [5] , the single-feed ones [6] [7] [8] exhibit more compactness, since the dual-feed designs always need auxiliary feeding networks that render larger sizes.
To date, various single-feed CP microstrip patch antennas with miniaturized sizes have been reported [9] [10] [11] [12] [13] [14] [15] . Although asymmetric slits and cross-shaped slots can be introduced to realize miniaturization [9, 10] , the measured 3-dB axial ratio (AR) bandwidths are usually narrow, which are 0.5% and 0.7%, respectively. A compact UHF RFID patch antenna was proposed based on an artificial magneto-dielectric material [11] . The antenna has an overall size of 0.303λ 0 × 0.303λ 0 × 0.01λ 0 with a measured peak gain of −3.75 dBic over the frequency band. A reactive impedance surface and complementary split-ring resonators were loaded to miniaturize the CP patch antenna size (0.327λ 0 × 0.327λ 0 × 0.028λ 0 ), which has a measured gain of 3.7 dBic and 3-dB AR bandwidth of 1.1% [12] . In [13] , meta-surfaces and space-filling meta-resonators were combined to reduce the CP patch antenna size (0.435λ 0 × 0.435λ 0 × 0.019λ 0 ) [13] . The antenna has a 3-dB AR bandwidth of 1.05%. Nasimuddin et al. proposed a miniaturized GNSS antenna using square-ring slots and grounded patches [14] . The overall size of the antenna is 0.316λ 0 × 0.316λ 0 × 0.026λ 0 with a maximum gain of 4.65 dBic and 3-dB AR bandwidth of 2.2%. A microstrip patch antenna was miniaturized using grounded strips and shorting pins (0.349λ 0 × 0.349λ 0 × 0.038λ 0 ) [15] . However, the antenna is linearly polarized with a relatively narrow impedance bandwidth of 1.6%.
In this paper, a novel miniaturized single-feed cross-aperture coupled CP microstrip patch antenna is proposed. Four identical shorting strips are symmetrically loaded underneath the radiating patch of the proposed antenna. Then, an array of three identical and equidistant shorting pins is introduced to connect each shorting strip to the ground plane. The proposed antenna has achieved a significant size reduction, as a result of the capacitive loading by the shorting strips and the radiating patch, and the inductive loading by the shorting pins. The operating mechanisms for the CP generation and antenna miniaturization were studied and revealed by full-wave simulations performed with the aid of Ansoft HFSS 12.0 [16] . Parametric studies have been conducted to analyze the effect of the geometrical parameters on the performance of the proposed antenna. The design concept is verified by measurement, showing that the antenna has reasonable bandwidth, moderate gain, wide AR beamwidth, and high radiation efficiency.
ANTENNA DESIGN

Antenna Configuration
The configuration of the proposed single-feed cross-aperture coupled CP microstrip patch antenna is presented in Figure 1 . The antenna comprises two layers of printed circuit boards (PCB) (RO4003C, relative permittivity ε r = 3.38, loss tangent tan δ = 0.0027, and thickness h 1 and h 3 , respectively). The thickness of the air gap between the upper and lower substrates is denoted as h 2 . The radiating patch with length L r and width W r is printed onto the top side of the upper substrate. A cross-shaped aperture with length L s and width W s is etched in the ground plane printed onto the top side of the lower substrate, to realize the coupling between the microstrip feed line and the radiating patch. The microstrip feed line with a tuning stub and with width W f , positioned along the 45 • diagonal line direction in the x-y plane, is printed onto the bottom side of the lower substrate. The length of the ground plane and the tuning stub is denoted by L g and L t , respectively.
Four shorting strips printed onto the bottom side of the upper substrate are symmetrically loaded underneath the edges of the radiating patch. As depicted in Figure 1 , the outside edges of the shorting strips are aligned with those of the radiating patch. The shorting strips along the x and y directions are with length and width of (L px , W px ) and (L py , W py ), respectively. Each shorting strip is connected to the ground plane through an array of shorting pins, which consists of three identical and equidistant shorting pins. The radius and adjacent separation of the shorting pins along the x and y directions are (R vx , D vx ) and (R vy , D vy ), respectively. To simplify the design process, the length and width of the x-directed shorting strips are set to be the same as those of
, and the radius and adjacent separation of the x-directed shorting pins are also selected to be the same as those of the y-directed ones (
Comparison with a Conventional CP Microstrip Antenna
The geometrical parameters of the proposed cross-aperture coupled CP patch antenna were optimized and determined after several design iterations, as tabulated in Table 1 . Also shown are the geometrical parameters of a conventional cross-aperture coupled CP patch antenna without the shorting strips and shorting pins. Both antennas are with the sense of right-handed CP (RHCP) and minimum AR at the same operating frequency of 1.9 GHz. The proposed antenna has an overall size of 50 mm × 50 mm × 7.548 mm (0.317λ 0 × 0.317λ 0 × 0.048λ 0 ) and a patch size of 29.43 mm × 27.85 mm (0.186λ 0 × 0.176λ 0 ), whereas those for the reference antenna are 90 mm × 90 mm × 7.548 mm (0.57λ 0 × 0.57λ 0 × 0.048λ 0 ) and 60.5 mm × 55.5 mm (0.383λ 0 × 0.352λ 0 ), implying that a significant reduction of 69% in the overall size and 75% in the patch size has been achieved, where λ 0 is the free-space wavelength at 1.9 GHz. Figure 2 compares the performances of the proposed antenna and the reference antenna in terms of return loss, and broadside AR and RHCP gain. As summarized in Table 2 , the reference antenna exhibits wider bandwidths with a 10-dB return loss bandwidth of 12.3% (1835-2075 MHz) and a 3-dB AR bandwidth of 2.1% (1882-1922 MHz), however, the proposed antenna shows narrower bandwidths with a 10-dB return loss bandwidth of 4.24% (1869-1950 MHz) and a 3-dB AR bandwidth of 1.05% (1889-1909 MHz). Moreover, the simulated broadside RHCP gain of the proposed antenna (4.8 dBic) at 1.9 GHz is smaller than that of the reference antenna (8.1 dBic). This is reasonable since the proposed antenna is electrically much smaller compared with the reference antenna [17] . Further improvement on the return loss as well as the AR bandwidth for the proposed antenna can be achieved by using the series and parallel feed configurations [1] , which is out of the scope of this paper. The simulated AR as a function of the angle in the upper hemisphere for the proposed and the reference antennas are shown in Figure 3 . It manifests that the 3-dB AR pattern coverage of the proposed antenna is much broader than that of the reference one. Specifically, the AR beamwidth of the proposed antenna in the x-z and y-z planes is 140 • and 142 • , respectively; whereas those for the reference antenna are 110 • and 114 • , respectively. 
Mechanisms for the CP Radiation and Miniaturization
In the antenna design, the electromagnetic coupling between the microstrip feed line and the radiating patch fulfilled by the cross-shaped aperture can excite two orthogonal modes, i.e., TM z 01 and TM z 10 modes. By carefully selecting the length and width of the radiating patch, an equal amplitude with a phase difference of 90 • between the two orthogonal modes can be ensured, and hence it becomes possible for the proposed antenna to have CP radiation. The sense of the CP radiation can be altered by exchanging the length and the width of the radiating patch. Specifically, we should note that, in addition to the length and width of the radiating patch, the proposed CP antenna has many other design freedoms to realize the CP radiation and change the sense of the CP radiation. Slightly changing the length and width of the x-and y-directed shorting strips and/or the radius and adjacent separation of the x-and y-directed shorting pins, one also can get the CP radiation with desired sense. For brevity, the results are not shown. To gain a better insight into the operating mechanism for the CP radiation, the distributions of equivalent surface current magnitude on the radiating patch of the proposed antenna at ωt = 0 • , 45 • , 90 • , and 135 • are depicted in Figure 4 . Clearly, a time-dependent counter clockwise rotating current density distributions can be observed, which validates the RHCP radiation from the proposed antenna. As mentioned above, when compared with the reference antenna, a significant size reduction has been achieved for the proposed antenna. It attributes to the capacitive loading from the radiating patch and the shorting strips, and the inductive loading from the shorting pins. To understand the operating mechanism underlying the miniaturization more intuitively, the current density distributions on the radiating patch as well as the loading structure are illustrated in Figure 5 . We can see that the surface current distribution on the radiating patch of the proposed antenna is similar to that of the conventional CP patch antenna, whereas strong vertical currents distributed along the shorting pins also can be observed from Figure 5 
PARAMETRIC STUDIES
Parametric studies were conducted by full-wave simulations to investigate the effects of the geometrical parameters on the return loss and AR performance of the proposed antenna, and to provide more information on the design and optimization of the proposed antenna. Note that only one geometrical parameter is varied each time while the others are kept unchanged.
The return loss and broadside AR with changing the length of the shorting strips (L p ) from 20.12 to 20.72 mm is shown in Figure 6 . The operating frequency decreases with increasing L p . The reason is that increasing L p enlarges the overlapping areas between the shorting strips and the radiating patch, leading to greater capacitance. As L p increases, the minimum achievable AR becomes larger. The optimal AR at 1.9 GHz is obtained for a length of 20.42 mm.
The effect of the width of the shorting strips (W p ) on the return loss and broadside AR is exhibited in Figure 7 , wherein W p varies from 2.82 to 3.42 mm. Since increasing W p also leads to larger overlapping areas between the shorting strips and the radiating patch and hence produces greater capacitance, the frequency response of the return loss and AR is similar to varying Lp. As W p increases, the operating frequency shifts downwards. The optimal AR at 1.9 GHz occurs for a width of 3.12 mm and the AR is degraded when W p deviates from 3.12 mm.
The frequency response of the return loss and broadside AR when the adjacent separation between the shorting pins (D v ) varies from 3.97 to 4.57 mm is shown in Figure 8 . The operating frequency shifts upwards and AR is degraded as D v increases. The reason for this phenomenon is that the current distributed along the vertical shorting pins decreases as the separation is enlarged, which induce smaller phase delays for a given loaded inductance. The minimum AR at 1.9 GHz is achieved when the separation is 4.27 mm. Figure 9 presents the effect of the radius (R v ) of the shorting pins on the performance of the return loss and broadside AR. The shorting pins can be treated similarly as the metal vias [18] . Increasing R v results in smaller inductance. Thus, the operating frequency is shifted downwards. The AR is deteriorated when R v increases and the minimum AR for 1.9 GHz appears with a radius of 0.6 mm.
EXPERIMENTAL RESULTS AND DISCUSSIONS
The photograph of the prototype antenna is shown in Figure 10 . Four arrays of via holes were fabricated in the lower PCB to solder the shorting pins. The antenna was measured using an Agilent E8363B network analyzer. Figure 11 (a) presents the measured and simulated return loss of the proposed antenna.
Very good agreement can be observed. The measured 10-dB return loss bandwidth is 92 MHz (4.76%) from 1.886 to 1.978 GHz. The measured and simulated broadside AR and RHCP gain are shown in Figure 11 (b). The measured 3-dB AR bandwidth is 28 MHz (1.46%) from 1.899 to 1.927 GHz with minimum measured AR occurs at 1.913 GHz. Further examinations show that the measured operating frequency shifts upwards slightly when compared with the simulated results. It is most likely owing to the fact that the prototype was assembled manually; therefore the thickness of the air gap between the upper and lower substrates may deviate slightly from the designed value. Besides, the nylon rods and nuts shown in Figure 10 to support the prototype were not taken into account in the simulations. Furthermore, the relative permittivity of the substrates may not be totally uniform. As shown in Figure 11 (b), the measured RHCP gain maintains above 4.5 dBic across the 3-dB AR bandwidth, and the maximum RHCP gain of 4.9 dBic is obtained at 1.913 GHz. The simulated radiation efficiency of the proposed antenna is larger than 93% over the 3-dB AR bandwidth. The proposed miniaturized cross-aperture coupled CP microstrip antenna has been compared with some other recent reported antenna designs. Table 3 summarizes the detailed comparison regarding the antenna size and measured performance between the proposed antenna and other antennas, where λ 0 denotes the free-space wavelength of the frequency with minimum AR, RLBW denotes the return loss bandwidth, and ARBW denotes the AR bandwidth. Although those antennas designed in [9] [10] [11] have slightly smaller overall sizes, their operating frequency bandwidths are much narrower than that of the proposed antenna. The proposed antenna has similar overall size and measured performance to those of the antenna presented in [12] . When compared with the proposed antenna, the antenna introduced in [13] occupies the largest space but with a narrower operating bandwidth. Therefore, the proposed antenna possesses moderate overall size, relatively wider operating bandwidth, and largest measured CP gain.
The RHCP and left-handed CP (LHCP) radiation patterns of the proposed antenna were measured in the anechoic chamber. Figure 12 shows the normalized measured and simulated radiation patterns in the x-z and y-z planes, respectively. The radiation patterns were simulated at 1.9 GHz, whereas measured at 1.913 GHz. It can be seen that the measured 3-dB AR beamwidth is broader than 140 in both planes. It should be noted that the level of back radiation is somewhat high for the proposed antenna, owing to the longer apertures etched on the lower substrate, which has a relatively smaller dielectric constant, i.e., 3.38. To reduce the level of the back radiation, one can use a substrate with larger dielectric constant, e.g., Rogers 6006/6010 to implement the feed board.
CONCLUSION
A novel miniaturized single-feed cross-aperture coupled CP patch antenna loaded by shorting strips and shorting pins is proposed. A significant size reduction has been achieved compared with the reference antenna. The behavior of the proposed antenna was extensively studied to understand the mechanisms for the CP radiation and miniaturization. It has also been found that the antenna has more design freedoms to obtain the CP radiation with desired sense. An antenna prototype was fabricated and measured to verify the design concept, showing good agreement with the simulations. The proposed antenna exhibits simultaneously reasonable bandwidth, moderate gain, wide AR beamwidth, and high efficiency, making it much more attractive for modern compact wireless devices.
